We previously cloned cDNAs for all the members (A, B and C) of Xenopus aldolase gene family, and using in vitro transcribed RNAs as references, performed quantitative studies of the expression of three aldolase mRNAs in embryos and adult tissues. A Xenopus egg contains ca. 60 pg aldolase A mRNA and ca. 45 pg aldolase C mRNA, but contains only ca. 1.5 pg aldolase B mRNA. The percent composition of three aldolase mRNAs (A:B:C) changes from 56:1.5:42.5 (fertilized egg) to 54:10:36 (gastrula), to 71:14.5:14.5 (neurula) and to 73:20:7 (tadpole) during development. These results are compatible with the previous results of zymogram analysis that aldolases A and C are the major aldolases in early embryos, whose development proceeds depending on yolk as the only energy source. Aldolase B mRNA is expressed only late in development in tissues such as pronephros, liver rudiment and proctodeum which are necessary for the future dietary fructose metabolism, and the expression pattern is consistent to that in adult tissues. We also show that three aldolase genes are localized on different chromosomes as single copy genes. q
Aldolase is a multilocus-type isozyme, whose functional form is either homo-or hetero-tetramer composed of two of the three different subunits (A, B and C) (Penhoet et al., 1967) coded for by different genes (Lebherz and Rutter, 1969; Horecker et al., 1972; Hori et al., 1987) . Aldolase holoenzymes catalyze different reactions depending on the nature of the constituent subunits. Basically, aldolase A catalyses reversible cleavage of fructose-1, 6-bisphosphate in glycolysis (Horecker et al., 1972; Hers and Kusaka, 1953) . Aldolase B catalyses cleavage of fructose-1-phosphate derived from dietary fructose (Hers and Kusaka, 1953; Munnich et al., 1985; Decaux et al., 1991; Rutter et al., 1968) , and also catalyses gluconeogenesis (Decaux et al., 1991; Rutter et al., 1968) . Aldolase C has the intermediate property, but is utilized mainly in the cleavage of fructose-1, 6-bisphosphate (Horecker et al., 1972) . We report here the results of quantitative studies of the expression of three aldolase mRNAs (A, B and C) in embryos and adult tissues.
Results and discussion
We performed Northern blot analyses using different amounts of in vitro transcribed aldolase RNAs and RNAs extracted from embryos and adult tissues, and obtained calibration curves to correlate strengths of signals to amounts of aldolase RNAs (Fig. 1) . We ®rst estimated the absolute amount of each of the three aldolase mRNAs in embryos at different stages (Fig. 2a) . We found that a Xenopus fertilized egg contains approximately 60 pg of aldolase A mRNA, 1.5 pg of aldolase B mRNA and 45 pg of aldolase C mRNA. Thus, aldolase mRNAs constitute altogether ca. 0.0025% of the total egg RNA (ca. 4 mg of RNA), which is mostly rRNA (Brown and Littna, 1964; Shiokawa and Yamana, 1967) . We then calculated the percent composition of three aldolase mRNAs in embryos at different stages (Fig.  2b) . Aldolase A plus C mRNAs constituted 99% of the total aldolase mRNAs (A plus B plus C) from the cleavage to gastrula stage. The A plus C-type aldolase mRNA composition is probably necessary for the fructose metabolism in early embryos which develop solely depending on yolk. The accumulation of aldolase B mRNA takes place in post-gastrular embryos, and this is probably to prepare for the metabolism of dietary fructose which starts at the feeding tadpole stage.
We examined the tissue-speci®c expression of three aldolase mRNAs using sectioned materials of tailbud embryos (Fig. 3) . We detected the aldolase A mRNA signal very strongly in somites, and moderately strongly in heart anlage, pronephros, brain, and eye. Aldolase B mRNA signal occurred in pronephros, liver rudiment, proctodeum and epidermis. Aldolase C mRNA signal occurred in brain, retina, heart anlage, spinal cord and pronephros. Thus, already at the tailbud stage, aldolase A, B and C mRNAs are expressed in a dramatically tissue-speci®c manner.
We then estimated absolute amounts of aldolase A, B and C mRNAs per unit amount (1 mg) of total RNA for each adult tissue (Fig. 4a) . The total amount of three aldolase mRNAs is largest in muscles, and next largest in heart, which is reasonable in view of the high energy consumption in these tissues. We calculated here again the percent composition of three aldolase mRNAs (A, B and C) for each tissue (Fig. 4b) . Aldolase A mRNA constituted 99% of the total aldolase mRNAs in muscles, whereas aldolase C mRNA constituted 70 and 60%, respectively, of total aldolase mRNAs in heart and brain. Thus, the percent composition of aldolase mRNAs in heart, a typical mesodermal tissue, is similar to that in brain, a typical neural tissue. Also, kidney, which is mesodermal in origin, has aldolase mRNA composition almost identical to that of liver (ca. 85% aldolase B), which is endodermal in origin. Thus, it is apparent here that each tissue has its characteristic aldolase mRNA composition, indifferently to its developmental origin. Finally, we prepared primary culture of Xenopus adult kidney cells and performed FISH to locate three aldolase genes on metaphase chromosomes. As shown in Fig. 5 , all the three aldolase genes existed as a single copy gene on different chromosomes, a ®nding which seems to be reasonable in view of their completely different tissue-speci®c expression patterns in tailbud embryos and adult.
Materials and methods
pXALDA, XALDB2, and pXALDC were linearized with XhoI and transcribed with T3 or T7 RNA polymerase to obtain aldolase A, B and C RNA, respectively (Kajita et al., 2000) . RNAs were extracted from embryos and adult tissues of Xenopus laevis and subjected to Northern blot analysis (Sambrook et al., 1989) under high stringency conditions using speci®c probes (Kajita et al., 2000) . Fig. 3 . Spatial expression patterns of aldolase A, B and C mRNAs examined in the wild-type Xenopus embryo at the tailbud stage (stage 35) by wholemount in situ hybridization. Probes for aldolase A, B and C mRNA were, respectively, the HindIII fragment of XALDA (Hikasa et al., 1997) , the A¯II-XhoI fragment of XALDB2 (Kajita et al., 2000) , and the SacI-KpnI fragment of XALDC (Atsuchi et al., 1994) , which did not cross-hybridize to each other (Kajita et al., 2000) . All the signals were obtained with antisense probe, but not with the sense probe (data omitted). (a) An embryo hybridized with the XALDA antisense probe. Yellow lines indicate regions (b±d) where embryos were sectioned. h: heart anlage; p: pronephros, s: somites. In (b): b, brain; e, ear vasicle. In (c): s, somites; p, pronephros. In (d), somites are defferentially stained in dermatome (s (der)) and myotome (m (der)). (e) An embryo was ®xed, cut into halves, and only the anterior half was hybridized with the XALDA antisense probe. Note the absence of difference in the staining between dermatome and myotome, indicating that the weaker staining in myotome in (d) is simply due to the lesser accessibility of the probe to it. (f) An embryo hybridized with the XALDB antisense probe. Yellow lines indicate regions (g±j), where embryos were sectioned. In (f±j): lr, liver rudiment; p, pronephros; ep, epidermis; pr, proctodeum. (k) An embryo hybridized with the XALDC antisense probe. Yellow lines indicate regions (l±n) where embryos were sectioned. In (k±n): br, brain; h, heart; p, pronephros; sc, spinal cord; rt, retina.
Whole-mount in situ hybridization was performed as in Kajita et al. (2000) . Probes for aldolase A and C mRNAs were obtained as described (Kajita et al., 2000) , and the probe for aldolase B mRNA was obtained from pXALDB2-3 H (Kajita et al., 2000) . Embryos were stained as in Hemmati-Brivanlou et al. (1990 ) Hemmato-Brivanlou et al. (1990 , dehydrated, embedded in paraf®n, and sectioned at 8 mm.
Fluorescence in situ hybridization (FISH) was performed as in Hirai et al. (1994) . XALDA, XALDB2 and XALDC Kajita et al., 2000) and the calibration curves shown in Fig. 1 . Note that keletal muscles expressed almost exclusively aldolase A mRNA, whereas cardiac muscles expressed much more aldolase C mRNA than aldolase A mRNA. Aldolase B mRNA constituted the major aldolase mRNA in liver and kidney, and also in stomach and intestine, which are necessary for dietary fructose metabolism (Munnich et al., 1985) . (b) Circle graphs showing the percent composition and relative amount of three aldolase mRNAs in different tissues, which were drawn based on the data in (a). The difference in the size of each circle graph represents the difference in the total amount of three aldolase mRNAs (A plus B plus C) per unit amount (1 mg) of the total RNA, which is nearly equal to rRNA. 
